Introduction {#s1}
============

With a 12-month prevalence of 14%, anxiety disorders range among the most common psychiatric disorders and are associated not only with a substantial impairment of individual health-related quality of life, but also a high burden on public health ([@BHT279C81]). Social anxiety disorder (SAD), as one of the most prevalent anxiety disorders, is affecting about 10.1 million individuals in the EU ([@BHT279C81]; [@BHT279C2], for a review on international prevalence data on SAD refer to [@BHT279C34])). According to DSM-IV, the disorder is defined as marked and persistent fear of one or more social or performance situations in which the person is exposed to unfamiliar people or to scrutiny by others. These situations are avoided or endured with intense anxiety and distress and therefore lead to a marked impairment of social life ([@BHT279C2]).

The clinical phenotype of SAD is thus characterized by an over-reactivity of the protective function of anxiety, entailing a perceptual and cognitive bias toward threat ([@BHT279C65]). On a neurobiological level, these symptoms suggest a dysbalance within fear-related neuronal circuits.

It is well established that the amygdala in conjunction with regions of the prefrontal cortex plays a fundamental role in the generation, encoding and regulation of affective values ([@BHT279C59]). Within this network, it is assumed that the amygdala mediates fast evaluation of novel stimuli ([@BHT279C40]), recognition of potential threat ([@BHT279C19]), and autonomous assignment of affective values ([@BHT279C57]; [@BHT279C80]). In animal studies, electric stimulation of the amygdala was shown to lead to social withdrawal, and to provoke fear and anxiety ([@BHT279C22]). Concordantly, abnormal patterns of amygdalar activation in patients with SAD and other anxiety disorders have been observed during confrontation with emotional faces ([@BHT279C75]; [@BHT279C55]; [@BHT279C76]; [@BHT279C48]) and exposition to other social stimuli, such as speech anticipation ([@BHT279C44]) and reception of praise or criticism ([@BHT279C15]).

Besides the amygdala, abnormal activations within the orbitofrontal cortex (OFC) or ventromedial PFC (vmPFC) have been reported for (social) anxiety disorder patients ([@BHT279C46]; [@BHT279C48]; [@BHT279C39]; [@BHT279C61]) and nonclinical volunteers with heightened anxiety trait ([@BHT279C76]; [@BHT279C24]). It is well established (see [@BHT279C59]; [@BHT279C12]; [@BHT279C7] for a review) that the amygdala and parts of the prefrontal cortex sustain strong bidirectional anatomical and functional connections via the uncinate fasciculus ([@BHT279C60]), where indications of decreased structural connectivity were observed in SAD patients ([@BHT279C56]; [@BHT279C10]; [@BHT279C43]).

With regard to emotion regulation, the OFC is assumed to act as a central hub to integrate and modulate neural activation to monitor and control emotional responses ([@BHT279C67]). Notably, SAD patients exhibit decreased functional connectivity ([@BHT279C41]; [@BHT279C31]) and structural connectivity ([@BHT279C56]; [@BHT279C10]; [@BHT279C43]), as well as abnormal neural habituation within this amygdala--orbitofrontal network ([@BHT279C73]). A study using Granger causality on a resting-state dataset revealed increased effective connectivity of this connection in SAD patients ([@BHT279C42]).

While medial PFC regions are assumed to be involved in autonomous regulation processes ([@BHT279C59]), lateral prefrontal areas, predominantly the dorsolateral PFC (DLPFC), are associated with the utilization of cognitive reappraisal strategies and voluntary downregulation of (negative) emotional affects ([@BHT279C50]; [@BHT279C36]; [@BHT279C23]; [@BHT279C29]) and unwanted memory associations ([@BHT279C5]). The importance of this region in the context of anxiety disorders is further implicated by a study reporting a reduction of regulatory efficiency of the DLPFC in individuals with high trait anxiety ([@BHT279C13]).

Although activation mapping of emotion regulation processes and functional as well as anatomical connectivity analyses have pinpointed important constituents of a brain network relevant for affective regulation and the pathophysiology of SAD, it remains unclear how to delineate the effective functional relationships and causal dependencies. In the last years, continuous refinements of high-field MRI and analysis techniques have significantly broadened our empirical possibilities to facilitate conclusions on a network level beyond mere description of regions with altered neural activation. Whereas some studies have evaluated the functional relationship between distinct brain regions based on their time-synchronized activity, these studies do not allow for conclusions about the directionality of these interactions and their causal relationships. To investigate and model this effective connectivity, DCM ([@BHT279C26]) is a validated state of the art research method ([@BHT279C18]; [@BHT279C69]; [@BHT279C49]) that has already provided very promising results in the context of clinical disorders (see [@BHT279C70] for a review and methodological recommendations).

DCM is a hypothesis-driven analysis approach based on Bayesian model comparison procedures ([@BHT279C11]; [@BHT279C35]) that has been introduced to fMRI data analysis by [@BHT279C26]). In contrast to conventional fMRI analysis methods such as statistical parametric mapping (SPM), which are mainly used for a descriptive representation of brain activation changes, the application of DCM allows for the creation of models to assess the dynamic behavior of specific brain regions regarding their causal relationships under the influence of external perturbations, such as the applied experimental conditions. Compared with other connectivity modeling approaches, DCM comprises a neuronal model where the not directly observable neuronal behavior is modeled and related using a biophysical forward model (Balloon model, [@BHT279C16]) to the hemodynamic changes in brain regions of interest that are observable by the use of functional MRI ([@BHT279C26]). The neural state equation is fundamental for DCM and given by:$$\frac{\text{d}\mathbf{z}}{\text{d}\mathbf{t}} = (\mathbf{A} + \sum{\mathbf{u}_{j}\mathbf{B}^{j}})\mathbf{z} + {\mathbf{C}u}$$ where vector ***z*** represents the time series of the neural state within a priori defined ROIs and vector ***u*** contains the time course(s) (1,..., *j*,..., *n*) of the experimental paradigm. Internal steady state connectivity parameters are stored in matrix ***A***, modulatory effects on these connections given stimulus *u~j~* are described by matrix ***B***, and matrix ***C*** represents the direct influence of a stimulus on a given ROI. DCM can be seen as an expansion of traditional GLM analysis, which can only account for the direct influence (***C***) of a stimulus regressor. Thus, the above equation represents a linear combination of different internal and external influences (i.e., intrinsic connectivity ***A***, modulation ***B***, and inputs ***C***) that explain the empirically observed neural activity.

In the present study, we applied effective connectivity analysis as implemented in DCM on fMRI data of SAD patients and healthy controls during an emotion discrimination task. We hypothesized that SAD patients would exhibit dysfunctions in the amygdala--OFC regulatory network. More precisely, we expected less inhibition of amygdalar activation by the OFC in SAD patients. This could be a consequence of reduced inhibitory feedback from OFC to amygdala, implying a reduction in top-down neuronal control. Alternatively, decreased excitatory output from amygdala to OFC could indicate a dysfunction in bottom up processes that lead to a decreased neuronal activity in the OFC, causing a less efficient reactivity toward amygdalar hyperactivation. Based on the important role of the DLPFC in voluntary emotion- and attention-regulation mechanisms, we also assessed its interaction with the amygdala--OFC network.

Materials and Methods {#s2}
=====================

Data used for the DCM analysis is based on the study population from [@BHT279C73] comprising 15 SAD patients (7 males/8 females, mean age (SD): 26.6 (±8.6) years) and 15 healthy age- and gender-matched controls (HC, 8 males/7 females, mean age (SD): 25.4 (±3.4) years). Before the fMRI measurement, all subjects were clinically assessed by a medical doctor and had to be free from any neurological peculiarities, pregnancy and any former or current psychiatric DSM-IV diagnosis, except SAD in the patient group. All subjects were tested for current drug use and reported abstinence from any psychotropic medication within the last 3 months and denied any history of substance abuse. All subjects were financially reimbursed for their participation and provided informed written consent. Withdrawing from this study at any time did not entail negative consequences for the subjects. The study protocol was approved by the institutional review board of the Medical University of Vienna.

Subjects were presented with a sequence of emotional face discrimination tasks (FACE) and object discrimination tasks (OBJECT) in an interleaved blocked design (20 s baseline, 20 s FACE, 20 s baseline, 20 s OBJECT × 5 repetitions) (Fig. [1](#BHT279F1){ref-type="fig"}) ([@BHT279C32]), while undergoing functional magnetic resonance imaging. For the FACE stimuli, photos from the NimStim set of facial expressions (human faces expressing anger, disgust, fear, happiness, sadness, surprise, or calmness) ([@BHT279C78]) were positioned in a triangular arrangement. The image in the center acted as a reference face and subjects had to decide using a custom-built MRI-compatible response pad whether the outer left or right image matches the emotional valence of the reference image. After each button press, new triplets were presented until the total duration of the task block elapsed. As a control condition (OBJECT), contours of 2D polygons overlaid on a skin-toned ellipsoidal background were shown using the same presentation and task setup. These stimuli were created in-house and optimized to avoid differences between experimental conditions regarding their visual impression (color, outer form, spatial frequencies) and task difficulty. A white crosshair placed on a black background was used as a baseline conditions. An illustration of the fMRI paradigm and the stimuli can be found in ([@BHT279C73], Fig. [1](#BHT279F1){ref-type="fig"}). Figure 1.Experimental paradigm. Facial emotion and object discrimination tasks were presented in alternating individual blocks for 20 s. Between task conditions, a white fixation cross was presented for 20 s to serve as a baseline condition. Each task block was repeated 5 times, yielding a total paradigm length of ∼7 min. The vertical lines depict the individual stimulus onsets in one randomly selected subject, the black time course presents the paradigm regressor convolved with SPM\'s canonical hemodynamic response function, which was used for the GLM and DCM analyses.

All measurements were carried out on a Siemens 3 T TIM Trio whole-body MR scanner with a 32-channel head coil. Two hundred twenty-five whole-brain volumes (matrix size: 128 px × 128 px × 20 slices; in-plane resolution 1.5 × 1.5 mm^2^, 3 mm slice thickness, and 2.1-mm interslice gap to reduce intravoxel dephasing effects ([@BHT279C66]) were obtained at a repetition time of TR = 1.8 s (TE = 40 ms) employing a single-shot echo planar imaging (EPI) sequence.

The acquired functional data were preprocessed and analyzed in SPM8 (FIL Methods Group, Wellcome Trust Centre for Neuroimaging, University College London, <http://www.fil.ion.ucl.ac.uk>). Due to the interleaved slice acquisition, preprocessing comprised slice-timing correction ([@BHT279C37]; [@BHT279C72]). Furthermore, we performed realignment to compensate for subject movement, segmentation ([@BHT279C6]), normalization to standard MNI space, and spatial smoothing (8 mm FWHM) using the default settings in SPM8.

To localize the task-relevant brain network, we used FACE \> OBJECT as contrast of interest in a second level *t*-test, with age, gender, and Liebowitz Social Anxiety Scale score as covariates. Among other brain areas, bilateral amygdalae (rAmy \[16, −8, −16\], lAmy \[−18, −12, −18\] MNI \[mm\]), medial OFC (\[2, 48, −18\] MNI \[mm\]), and bilateral dorsolateral PFC (rDLPFC \[56, 34, 8\], lDLPFC \[−42, 30, 2\] MNI \[mm\]) were activated in all subjects (*P* \< 0.05 FWE corrected) ([@BHT279C73]) (Fig. [2](#BHT279F2){ref-type="fig"}). As SAD-related group effects were of primary interest, our DCM analysis was restricted to the right hemisphere of the amygdala--prefrontal networks, where the strongest task × group interaction effects were found in our previous study. The observed lateralization is also in accordance with previous findings, which suggested a functional specialization of the right amygdala for the processing and encoding of nonverbal affective stimuli ([@BHT279C3]; [@BHT279C51]). Figure 2.Rendering of the statistical parametric map from the emotion discrimination tasks. This map is based on the group-level result from all subjects (*n* = 30), with FACE \> OBJECT as contrast of interest, thresholded at *P* \< 0.05 (FWE whole-brain corrected for multiple comparisons) with *n* = 75 voxels minimum cluster size. Right amygdala, OFC, and right DLPFC are highlighted and were used as volumes of interest for the subsequent DCM analysis.

Whitened and detrended time courses of these regions were extracted for each subject using SPM8\'s volume of interest (VOI) extraction batch script (individual activation maxima within a search radius of *r* = 10 mm from first-level analysis used as centers, VOI radius *r* = 10 mm, single-subject significance threshold *P* \< 0.05 uncorrected, first eigenvariate used as summary statistics). Two subjects from each group were excluded, as they did not exhibit significant activation in the search radius of all 3 VOIs. Based on these time courses, DCM, as implemented in DCM10 (SPM8, Build 4548, November 2011), was used to model the effective connectivity between these regions. All inputs (i.e., the time courses from our experimental conditions) were mean-centered.

Our DCM analysis was split up into 2 parts. First, we investigated task-dependent effective connectivity between our regions of interest to select connections with significant posterior evidence. Then, based on the results from the first analysis, we analyzed the connectivity parameters and their modulation by the face condition. Bayesian model averaging (BMA) ([@BHT279C33]; [@BHT279C53]) was used to infer on the model structure (i.e., the significant connections between the ROIs), the connectivity parameters, and their modulations across the group.

Initial Model Space {#s2a}
-------------------

Converging neurobiological findings suggest bidirectional anatomical connections between the OFC and the amygdala. The DLPFC is assumed to interact with this emotion regulation network. However, it is not fully understood at what point this interaction occurs. It has been argued (e.g., by [@BHT279C63]) that there are no direct anatomical connections from the DLPFC to the amygdala. However, particularly with respect to the pathophysiology of SAD, it might be conceivable that DLPFC affects amygdalar activation via unknown anatomical pathways or without inducing significant changes within the OFC. This prior uncertainty motivated the comparison of models containing all possible connectivity configurations of the DLPFC with the OFC and the amygdala, yielding a model space of 2^4^ = 16 models ([Supplementary Fig. S1](http://cercor.oxfordjournals.org/lookup/suppl/doi:10.1093/cercor/bht279/-/DC1)).

The model allowed the fMRI task (i.e., combination of the FACE and OBJECT regressors) to act on the investigated system as a driving input via an affective (amygdala) and a cognitive (DLPFC) brain region. There is strong evidence for a direct visual input to the DLPFC (BA46/47 is assumed to correspond to area 12 in monkeys) ([@BHT279C52]). We have no reason to assume a direct visual pathway to the brain region that is here identified as OFC (BA11). However, given the strong bidirectional connections within the prefrontal network ([@BHT279C59]), visual information that enters this network can be further relayed to the OFC via the DLPFC and subsequent nodes.

One method to evaluate the relative performance of the models would be Bayesian Model Selection ([@BHT279C54]), which could also be used to compare the model structures of the winning models of the SAD and HC groups. However, to avoid the potential of false-negative results, the inference on model structure alone might be insufficient, as the deficits of SAD could be mediated by modulation differences and not by alterations in the model structure.

An alternative method is BMA ([@BHT279C33]; [@BHT279C53]), which provides an average over all parameter estimates within a model space weighted by their respective posterior probability.$$p(\theta_{n}|Y,m \in f_{k}) = \sum\limits_{m \in f_{k}}{\, p(\theta_{n}|y_{n},m)p(m_{n}|Y)}$$

In this study, BMA has been selected as it can account for the uncertainty of the model structure and, at the same time, allows for inference on the connectivity parameters ([@BHT279C77]). BMA overcomes the methodological limitations of earlier implementations of DCM that required a 2-step approach of model selection and parameter averaging ([@BHT279C70]).

Revised Model Space {#s2b}
-------------------

For the sake of computational complexity, connections that were not significant in both groups were removed from the initial model space. All other connections were considered for our revised model space, reducing the bias of an improper a priori exclusion resulting from potential sensitivity constraints in the first-level analysis. In this second step, the FACE condition was introduced to the models as an additional driving stimulus, entering also through the amygdala and the DLPFC. Furthermore, all variations of possible modulatory effects of FACE on the individual connections were modeled ([Supplementary Fig. S2](http://cercor.oxfordjournals.org/lookup/suppl/doi:10.1093/cercor/bht279/-/DC1)). BMA was used once more to estimate the model parameters for patients and healthy controls. Employing a 2-sample *t*-test, we compared the resulting connectivity parameter estimates and their modulations, using Bonferroni correction to account for multiple comparisons.

Results {#s3}
=======

Model Structure {#s3a}
---------------

The first analysis step was to determine the connectivity between the right amygdala, medial OFC, and DLPFC under perturbation by the TASK (i.e., the combination of FACE and OBJECT time courses). In both groups, no significant interaction was found for the connection from rDLPFC to rAMY (2-sample *t*-test, *P* \> 0.8 in HC, *P* \> 0.4 in SAD). Consequently, this connection was excluded from the revised model space. All other connections were found to be significant ([Supplementary Fig. S1](http://cercor.oxfordjournals.org/lookup/suppl/doi:10.1093/cercor/bht279/-/DC1)).

Intrinsic Connections {#s3b}
---------------------

After we justified a principal functional network, a set of 128 models covering all possible interactions for the emotional face discrimination task were modeled (2^7^ = 128 models, [Supplementary Fig. S2](http://cercor.oxfordjournals.org/lookup/suppl/doi:10.1093/cercor/bht279/-/DC1)). Again, BMA was applied for both groups individually and a 2-sided 2-sample *t*-test was used for comparisons. See [Supplementary Figure S2](http://cercor.oxfordjournals.org/lookup/suppl/doi:10.1093/cercor/bht279/-/DC1) for a visualization of the model structure, [Supplementary Figures S3 and S4](http://cercor.oxfordjournals.org/lookup/suppl/doi:10.1093/cercor/bht279/-/DC1) for the averaged connectivity parameter estimates, and Table [1](#BHT279TB1){ref-type="table"} for a numerical representation of the results. Table 1BMA resultsHCSAD*P* (corr.)MeanSDSign.MeanSDSign.Intrinsic connectivity (A) Amygdala to OFC0.730.23\*\*0.250.28\*\*\<0*.*01 OFC to amygdala−0.240.12\*\*0.100.16\*\<0*.*01 Amygdala to DLPFC1.280.29\*\*0.490.28\*\*\<0*.*01 DLPFC to amygdala---------- DLPFC to OFC0.060.14n.s.0.160.16\*\*n.s. OFC to DLPFC−0.380.18\*\*−0.100.21n.s.\<0*.*01Modulation by FACE (B) Amygdala to OFC0.080.16n.s.−0.110.17\*\<0*.*05 OFC to amygdala−0.190.14\*\*−0.140.15\*\*n.s. Amygdala to DLPFC−0.060.20n.s.−0.250.19\*\*n.s. DLPFC to amygdala---------- DLPFC to OFC0.010.11n.s.−0.130.17\*n.s. OFC to DLPFC−0.060.17n.s.−0.080.18n.s.n.s.Driving Inputs (C) TASK to amygdala−0.050.03\*\*−0.070.04\*\*n.s. TASK to DLPFC−0.090.06\*\*−0.140.05\*\*n.s. FACE to amygdala0.180.04\*\*0.140.06\*\*n.s. FACE to DLPFC0.280.08\*\*0.320.08\*\*n.s.[^1][^2][^3]

### Connection Between Amygdala and OFC {#s3b1}

Both groups showed a significant bottom-up connection from the amygdala to the OFC (Fig. [3](#BHT279F3){ref-type="fig"}). However, connectivity parameter estimates were significantly increased in HC (*P* \< 0.05 corrected). In the top-down connection (OFC to amygdala), we found negative functional connectivity in HC (*P* \< 0.01) and positive connectivity in SAD patients (*P* \< 0.05) with a significant group difference (*P* \< 0.05 corr.) (Fig. [4](#BHT279F4){ref-type="fig"}). Figure 3.DCM networks for healthy controls (left) and SAD patients (right). BMA results reveal a group difference in model structure, connectivity parameter estimates, and modulatory effects of emotional faces (significant group differences highlighted in Fig. [4](#BHT279F4){ref-type="fig"}). Figure 4.Significant group differences between healthy controls (left) and SAD patients (right). Most importantly, the negative feedback loop between amygdala and OFC, found in HC, is dysfunctional in SAD (also see Fig. [5](#BHT279F5){ref-type="fig"}). SAD patients further exhibited decreased effective connectivity from amygdala and OFC to the DLPFC.

### Connection Between Amygdala and DLPFC {#s3b2}

We found positive connectivity from amygdala to DLPFC (*P* \< 0.01), which was significantly lower in SAD patients (*P* \< 0.05 corr.). Note that based on a priori knowledge from previous studies and our own first analysis step, a direct functional connection from DLPFC to amygdala was excluded.

### Connection Between OFC and DLPFC {#s3b3}

In HC, we observed a statistically significant negative connection (representing an inhibitory influence) from OFC to DLPFC (*P* \< 0.01). In SAD patients, this connection was found not significant (*P* \> 0.09). Comparing groups showed significantly less inhibition of OFC on DLPFC in SAD patients (*P* \< 0.05 corr.). The positive connection from DLPFC to OFC, on the other hand, was only significant in SAD patients (*P* \< 0.01). The difference between group means was not significant for this connection.

### Self-connections {#s3b4}

Self-connections in these models did not differ between groups.

Modulatory Influence of the FACE Condition {#s3c}
------------------------------------------

In healthy controls, faces had a negative influence only on the backward connection from OFC to amygdala. This was found also in SAD patients where faces also significantly reduced the connectivity from amygdala to DLPFC and DLPFC to OFC. A positive direct influence on amygdala and DLPFC was found for emotional faces in both groups (Fig. [3](#BHT279F3){ref-type="fig"}).

Importantly, while we did not observe a significant modulation difference in the OFC to amygdala connection, the sum of the posterior intrinsic connectivity parameters and modulation parameters in SAD patients yields a net modulation that is not significantly different from zero (Fig. [5](#BHT279F5){ref-type="fig"}). Figure 5.Modulation of the OFC to amygdala connection by emotional faces. The modulatory influence of the emotion decimation task was not different between groups. However, in combination with the positive intrinsic connectivity, the negative modulatory influence was not sufficient to effectively downregulate amygdalar activation in SAD patients. Group BMA results and SD are shown, \**P* \< 0.05 in 2-sided 2-sample *t*-test.

Discussion {#s4}
==========

DCM has highlighted 2 crucial differences between healthy volunteers and SAD patients within the examined anxiety regulation network. Most importantly, patients show a functional disruption in the negative feedback loop between the amygdala and the OFC. In addition, connections from DLPFC, a structure that is implicated in executive functions and voluntary emotion regulation, exhibit altered connectivity patterns in SAD patients, particularly in combination with the processing of emotional faces. Using a reduced model, we found marked connectivity differences between the patient group and healthy controls already in the first DCM analysis step. These findings were corroborated by the results of the revised level model that also accounted for our experimental perturbation of this network using an emotional face discrimination task.

Reduced Effective Connectivity Between OFC and Amygdala in SAD Patients {#s4a}
-----------------------------------------------------------------------

As reported previously by our group ([@BHT279C73]), in SAD patients, the amygdala in conjunction with the OFC shows abnormal BOLD reactivity toward emotional faces. Activations in these regions were increased in SAD patients at the beginning of the emotion discrimination task, which indicated a disruption in this emotion regulation network. Based on these findings obtained with SPM, we analyzed the activation time courses of the task-active amygdala--prefrontal network using DCM to assess the underlying temporal and causal dependency. While in healthy controls, the forward connection from the task-active region in the OFC to the amygdala showed inhibitory influence, our results clearly demonstrate positive (excitatory) connectivity between OFC and the amygdala in SAD patients, suggesting an SAD-specific disruption of the prefrontal top-down regulation mechanism of amygdalar activation.

The existence of this connection has been repeatedly demonstrated by invasive studies in rodents ([@BHT279C38]; [@BHT279C47]) and nonhuman primates ([@BHT279C1]; [@BHT279C8]; [@BHT279C28]). The use of diffusion tensor imaging (DTI) also allowed for noninvasive examination of this connection, known as the uncinate fasciculus, in humans ([@BHT279C60]). In fact, DTI of the uncinate fasciculus also revealed a decrease in structural connectivity in SAD patients ([@BHT279C56]; [@BHT279C10]; [@BHT279C43]). Its functional importance has been shown by direct electrophysiological recordings ([@BHT279C62]) and neuroimaging studies ([@BHT279C74]; [@BHT279C64]). It is assumed that this particular connection is crucial for fear extinction ([@BHT279C58]), perceiving and interpreting threat signals ([@BHT279C17]) and other emotional valences ([@BHT279C9]; [@BHT279C30]). Noteworthy, activation in distinct neural clusters within the OFC are assumed to have both inhibitory and excitatory influence on amygdalar activation, as shown by direct microstimulation of homologous brain structures in rats ([@BHT279C79]; [@BHT279C71]).

In concert with these findings, the positive intrinsic connectivity between OFC and amygdala in SAD patients observed in this study could explain the increased trait and state anxiety. While the modulatory effect of the emotion discrimination task was negative and showed no difference between groups, it was not sufficient to decrease the resulting total connectivity (i.e., A + B, as described in detail in the Introduction) to a significantly negative level in SAD patients (Fig. [5](#BHT279F5){ref-type="fig"}). The decreased forward connection from amygdala to OFC in SAD patients could indicate a missing automatic recruitment of OFC\'s regulatory functions, which, actually, could be considered an adequate adaptive strategy under consideration of the absent negative orbitofrontal feedback. This assumption is supported by the negative modulatory influence of the emotion discrimination task on this connection in SAD patients found here and the decreased functional resting-state connectivity reported by others ([@BHT279C31]).

These new findings, thus, might offer an alternative and more parsimonious interpretation for our previously presented results ([@BHT279C73]). Therein, we concluded that relative hyperactivation of the OFC in SAD patients, compared with healthy subjects, could indicate an increased effort in affective top-down regulation. The positive effective connectivity from OFC to amygdala, however, clearly suggests that emotional faces alone do not fully account for the observed activation. Instead, parts of the SAD patients\' amygdalar reactivity could be explained by the enforcing nature of the neural influences from OFC.

A resting-state fMRI study revealed increased effective connectivity from both amygdalae to several clusters within the ventral part of the prefrontal cortex in SAD patient ([@BHT279C42]). Therein, it is suggested that the increased connectivity during resting state (i.e., in absence of a specific task condition) could indicate an impaired regulation between OFC and amygdala. This notion is strongly supported by the results from our study, as we also observed increased connectivity (i.e., positive in SAD patients, negative in HC, see Figs [3](#BHT279F3){ref-type="fig"}--[5](#BHT279F5){ref-type="fig"}) in the connection from OFC to amygdala. However, one has to note that there are important differences between these 2 studies. First, it can be expected that there are fundamentally different brain processes involved in task-based and resting-state fMRI. While former is strongly influenced by the external perturbation of a task that is designed to mimic certain features of social interaction, latter can be associated with introspection and self-referring thoughts including rumination or brooding. Furthermore, there are profound methodological differences between DCM and Granger causality, which was used in ([@BHT279C42]). It is not fully clear how those 2 metrics can be related to each other. Finally, the 2 studies report clusters in the prefrontal cortex that are anatomically distinct, which could indicate that they are responsible for completely different brain functions due to the functional heterogeneity of the frontal lobe.

The Role of the DLPFC in the Proposed Network {#s4b}
---------------------------------------------

In healthy controls, compared with SAD patients, DLPFC exhibits significantly increased positive effective connectivity in afferents from the amygdala and increased negative connectivity in connections from the OFC. The latter connection was found not significant in patients. The first-level DCM analysis allowed us to reject the hypothesis of direct effective connectivity from DLPFC to amygdala. Removing this connection from the second analysis step was based not only on past literature but also corroborated by our empirical findings.

The reduced negative feedback from OFC could indicate a missing neurobiological signal that, in healthy persons, initiates the release and redeployment of cognitive resources. This missing feedback could provide a neurobiological explanation for the biased attention toward threat signals and increased distractibility that are hallmark symptoms of anxiety ([@BHT279C20]; [@BHT279C25]; [@BHT279C45]; [@BHT279C14]; [@BHT279C68]). In major depression, however, functional connectivity between OFC and rDLPFC was found to be increased ([@BHT279C27]). Alternatively, in SAD patients, the emotion discrimination task could require an increased processing demand for the DLPFC, for example, for the inhibition of unwanted memory associations ([@BHT279C4]; [@BHT279C5]) and attentional shifts ([@BHT279C21]). Then, the regulatory power of the OFC could be insufficient to significantly down-modulate activation of the DLPFC. In SAD patients, a positive connectivity from DLPFC to OFC was found, which was not significant in healthy subjects. However, we did not observe significant group differences for this connection.

Additionally, we found significantly decreased connectivity from amygdala to DLPFC in SAD patients, even more so in the presence of the FACE stimuli (Fig. [4](#BHT279F4){ref-type="fig"}, [Supplementary Figs S3 and S4](http://cercor.oxfordjournals.org/lookup/suppl/doi:10.1093/cercor/bht279/-/DC1)). While we need to acknowledge the explorative nature of this finding, we could conceive of 2 distinct mechanisms responsible for the reduced connectivity. First, the functional dissociation between amygdala and DLPFC could be a neurobiological basis or concomitant of the altered perception of threat signals, dysfunctions in social cognition, and the biased cognitive appraisal of social situations. Second, it could also be suggested that the downregulation of this connection is actually part of an adaptive avoidance strategy.

Recent evidence stresses the importance to exploit new technical possibilities as they provide a considerably more integrated and comprehensive picture of the underlying neuronal mechanisms. The results of this study, for example, point toward a dysbalance of a functional system rather than the dysfunction of one distinct brain region.

Based on the data of this study, it might be reasonable to assume that treatment leads to a rebalancing of the functional system involved in fear-processing and processing of emotional stimuli in general. However, it is unclear, if this rebalancing would lead to a functional normalization of the same network and regions that are active in healthy individuals. Alternatively, it is possible that the recruitment of different functional pathways is required. This might depend on the severity of the clinical symptoms or the progress and scale of remission. Therefore, besides the obvious important possibilities for basic research of brain function and dysfunction, the use of effective connectivity analysis methods, such as DCM, could lead to investigation methods for therapy progress monitoring, outcome prediction, and clinical decision-making.

Limitations and Further Directions {#s4c}
----------------------------------

The authors would like to raise awareness of 2 limitations of the current study. First, we need to acknowledge that the current sample might not be fully representative for the total population of SAD patients and subclinical cases, which additionally might suffer from confounding comorbidities. Yet, due to the sensitivity of DCM, the herein observed group differences were highly significant, despite the limited sample size, indicating the presence of relevant group effects. Therefore, this study makes not only a case for the applicability of DCM in psychiatric research due its high sensitivity and low variability; it also highlights the disorder of a crucial neuronal pathway in SAD patients, justifying further research with a larger clinical population.

Second, the investigation of pharmacological and psychotherapeutic interventions was beyond the scope of this study. All volunteering patients were scanned within a few days after their initial admission and before the onset of their facultative therapy plan.

Conclusion {#s5}
==========

By applying DCM, we observed an important neurophysiologic dysfunction in the emotion regulation circuitry of SAD patients. In matched healthy controls, our model of effective connectivity clearly indicates a downregulating feedback mechanism between the amygdala and the OFC. In SAD patients, however, this particular connection exhibits positive, excitatory effective connectivity, and, therefore, upregulates amygdalar activation. The results of the study presented herein, strongly corroborate previous reports of reduced connectivity between the OFC and amygdala in SAD patients by providing first evidence for the actual causal dependencies within this network. Our study thus provides a neurobiological model that may explain the altered appreciation of affective stimuli typically observed in SAD patients.
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[^1]: Note: Numerical representation of the intrinsic connectivity and modulation effects of the emotional face discrimination task.

[^2]: n.s., not significant. OFC, orbitofrontal cortex. DLPFC, dorsolateral prefrontal cortex. See [Supplementary Figures S3 and S4](http://cercor.oxfordjournals.org/lookup/suppl/doi:10.1093/cercor/bht279/-/DC1) for a bar chart representation of these values.

[^3]: *t*-Test: \**P* \< 0.05; \*\**P* \< 0.01.
